Crosstalk between complement component 5a receptors (C5aRs) and TLRs in dendritic cells (DCs) occurs upon pathogen invasion; however, studies on C5aR and TLR crosstalk mainly focused on the modulating effect of C5a on TLR-induced cytokine production. To elucidate the breadth of C5aR and TLR4 crosstalk, the effect of simultaneous treatment with C5a and LPS was investigated in human monocyte-derived DCs (moDCs) 2 h after stimulation using whole transcriptome sequencing analysis. Although the effect of C5a on hallmark genes defining TLR4-induced DC maturation was limited at this time point, RNA sequencing analysis revealed a great variety of novel C5a targets, of which many interfere with TLR4-mediated immune activation. Analysis of functional relationships among these genes uncovered induction of a central immune regulatory network upon C5aR and TLR4 crosstalk, involving the transcription factors forkhead box (FOX)O1 and FOXO3 and the signaling molecules serum-and glucocorticoid-inducible kinase (SGK1), ribosomal S6 kinase 2 (RSK2), and PI3Kb. C5aR and TLR crosstalk, furthermore, yielded down-regulation of mainly proinflammatory network branches, including IL-12B, IL-2Ra (IL-2RA), and jagged 1 (JAG1) and cooperative induction of predominantly anti-inflammatory network branches, including sphingosine kinase 1 (SPHK1), b2 adrenergic receptor (ADRB2), gastric inhibitory polypeptide receptor (GIPR), and four-and-a-half Lin11, Isl-1, and Mec-3 domains protein 2 (FHL2). Together, these data point toward induction of generalized immune regulation of DC function. Motif enrichment analysis indicate a prominent role for basic leucine zipper (bZIP) and IFN regulatory factor 4 (IRF4) transcription factors upon C5aR and TLR4 crosstalk. Additionally, differences were observed in the modulating capacity of C5a on DCs in the absence or presence of a pathogen (TLR stimulus). Our findings shed new light on the depth and complexity of C5aR and TLR4 crosstalk and provide new foci of research for future studies.
Introduction
Activation of the complement system, as well as release of PAMPs, occurs upon pathogen invasion, together modulating immune cell activation. APCs, such as macrophages and DCs, express many receptors for PAMPs, including TLRs [1] , as well as many receptors for complement activation products [2] . Among the latter are C5aRs, mediating signaling of C5a, the most potent chemoattractant.
Although activation of human APCs via TLR is well studied [3] , results on the interplay between TLR and C5aR signaling are contradicting and need further investigation [4, 5] . In mice macrophages, C5aR and TLR4 crosstalk mainly resulted in a reduced production of inflammatory cytokines, such as TNF-a, IL-1b, and IL-12 family members [6] [7] [8] [9] . However, enhancement of TLR4-induced cytokine production by C5a in mice macrophages has also been described [10, 11] . Additionally, a stimulatory effect of C5a on TLR4-induced cytokine production has been found in mice DCs [12, 13] .
Data on C5aR and TLR crosstalk, especially in human DCs, are limited, mainly to effects on cytokine production, and the extent of C5aR and TLR crosstalk has not been investigated. Previously, we described that C5a inhibits TLR-induced proinflammatory cytokine production in human moDCs [14] . Analysis of C5aR expression on moDCs, CD1c + DCs, CD141 + DCs, slanDCs, and pDCs revealed that C5aR is almost exclusively expressed on slanDCs and moDCs [14] [15] [16] , highlighting the potential importance of C5aR and TLR crosstalk mainly in these 2 DC subsets. Recently, we elucidated that next to human moDCs, also, human slanDCs are susceptible to the regulatory action of C5a on TLRmediated DC cytokine production [17] . C5a-mediated regulation of TLR-induced DC cytokine production was partly depending on C5a-mediated acceleration of TLR4-induced ERK/p38/CREB1 signaling and subsequent induction of IL-10 secretion [17] . Other signal transduction pathways, however, have also been implicated in TLR4 and C5aR crosstalk [6, 12, [18] [19] [20] , and our results indeed show that the effect of C5aR and TLR4 crosstalk on DC cytokine production is partly CREB1 independent. C5aR and TLR4 crosstalk thus integrates at the level of multiple signaling networks. To elucidate the overall outcome of integration of these networks on DC function, the extent of C5aR and TLR4 crosstalk on DC function needs to be elucidated in detail.
The understanding of the modulating effect of C5a on APCs is important, as it determines the outcome of adaptive T cell immunity induced by APCs. Downmodulation of proinflammatory cytokine production by C5aR signaling in mouse macrophages was associated with reduced Th1 polarization and attenuation of Leishmania major and Porphyromonas gingivalis clearance [6, 21] , whereas DC-mediated, allospecific T cell proliferation and Th17 immune responses were promoted when C5a stimulation was associated with increased proinflammatory cytokine production in mouse DCs [11, 12] . In humans, C5a-mediated inhibition of DC proinflammatory cytokine production was associated with regulation of adaptive T cell immunity by reducing IFN-g secretion by CD4
+ and CD8 + T cells [17] . Therefore, increased knowledge on the modulating effect of C5a on APCs in human DCs is of relevance during pathogen invasion. In addition, C5aR and TLR crosstalk in humans may be of potential importance in several autoimmune diseases associated with increased C5a levels [22] [23] [24] and infiltration of APCs, such as slanDC [16, [25] [26] [27] [28] . The unraveling of the full breath of C5aR and TLR crosstalk may also explain why contradicting findings have been found in human DCs, depending on TLR ligation [14, 18] , in which C5a promoted proinflammatory cytokine production in the absence of a TLR ligand, whereas the opposite was found in TLR2-, TLR4-, and TLR7/8-stimulated human DCs.
To determine the full breath of C5aR and TLR crosstalk in human DCs, RNA sequencing analysis on human moDCs, stimulated in the absence or presence of C5a and TLR4 ligand LPS, was performed. To minimize interference of induced positive-and negative-feedback loops, we analyzed gene expression after 2 h of DC activation. C5a affected the expression of many genes coding for proteins that can interfere with TLRinduced immune responses. Clusters comprising distinct geneexpression profiles could be identified upon C5aR and TLR crosstalk, and analysis of the genes in these clusters revealed the induction of a mainly anti-inflammatory network and the inhibition of a predominantly proinflammatory network. Overall, C5a induced a functional, interconnected regulatory network, with a central role for the FOXO transcription factors, FOXO1 and FOXO3, and the signaling molecules SGK1, RSK2, and PI3Kb. Additionally, motif-enrichment analysis is suggestive for a prominent role for bZIP transcription factors and IRF4 upon C5aR and TLR4 crosstalk. C5a differently affected gene expression in imDCs; C5a addition affected 219 and 173 genes in imDCs and LPS DCs, respectively, of which, only 39 genes overlapped. Our findings further highlight the complexity and breadth of the C5a modulating capacity and provide new leads for further research focusing on C5aR and TLR crosstalk.
MATERIALS AND METHODS

Reagents
CellGro DC serum-free medium, IL-4, and GM-CSF were obtained from CellGenix (Freiburg, Germany). C5a and FCS were from Sigma-Aldrich (St. Louis, MO, USA). LPS (Escherichia coli 0111:B4, Ultrapure; TLR4 ligand) and R848 (imidazoquinoline compound; TLR7/8 ligand) were from InvivoGen (San Diego, CA, USA). Penicillin/streptomycin was obtained from Thermo Fisher Scientific (Waltham, MA, USA). SB-747561A (MSKII inhibitor) was obtained from Tocris Bioscience (Minneapolis, MO, USA).
Human DCs
moDCs were generated, as described previously [14] . In short, monocytes were isolated from fresh apheresis material (Sanquin Research and Landsteiner Laboratory, Amsterdam, The Netherlands) of healthy volunteers upon informed consent using the ELUTRA cell separation system (Terumo BCT, Lakewood, CO, USA). Purity of monocytes was confirmed with flow cytometry, and monocytes were cultured at 20 3 10 6 cells in 20 ml CellGro DC serum-free medium, supplemented with penicillin/streptomycin (100 U/ml), GM-CSF (1000 IU/ml), and IL-4 (800 IU/ml) for 6-7 d at 37°C, 5% CO 2 .
Before stimulation, moDCs were plated at a concentration of 2.0 3 10 6 cells/well for RNA sequencing analysis or 1 3 10 6 cells/well for qRT-PCR and were rested for 2 h in CellGro DC serum-free medium, supplemented with penicillin/streptomycin (100 U/ml) and 1% FCS at 37°C, 5% CO 2 . DCs were stimulated for 2 h in the absence and presence of LPS (50 ng/ml) and C5a (10 nM). In the case of stimulation with both LPS and C5a, the 2 compounds were added simultaneously. When indicated, the MSK inhibitor SB-747561 (1 mM) was added 30 min before TLR stimulation. slanDCs were isolated from buffy coats of healthy volunteers upon informed consent (Sanquin Research and Landsteiner Laboratory), as described previously [17] . In short, PBMCs were isolated by density gradient centrifugation on Lymphoprep (Axis-Shield, Alere Technologies AS, Oslo, Norway) and enriched for slanDC by elutriation with the JE-6B Elutriator (Beckman Coulter, Brea, CA, USA), followed by sorting on the FACSAria II or III cell sorter (BD Biosciences, San Jose, CA, USA). For sorting, the antibodies anti-Slan (clone MDC8) FITC (Miltenyi Biotec, Bergisch Gladbach, Germany), anti-CD14 allophycocyanin, and anti-CD3 PE (BD Biosciences) were used. slanDCs were gated by removal of CD3-and CD14-positive cells before selecting for MDC8-positive cells. slanDCs were rested overnight in CellGro DC serum-free medium with penicillin/streptomycin (100 U/ml) and 1% FCS at (continued from previous page) GIPR = gastric inhibitory polypeptide receptor, GO = gene ontology, GPCR = G protein-coupled receptor, GPR56 = G protein-coupled receptor 56, IL-2RA = IL-2Ra, IL-6ST = IL-6 signal transducer, imDC = immature monocyte-derived dendritic cell, IRF = IFN regulatory factor, ITGAV = integrin aV, JAG1 = jagged 1, LHX2 = Lin11, Isl-1, and Mec-3 homeobox 2, LPS DC = LPS-stimulated monocyte-derived dendritic cell, MHCI/II = MHC class I/II, moDC = monocyte-derived dendritic cell, MSK = mitogen-and stressactivated kinase 1, PAMP = pathogen-associated molecular pattern, PCA = principal component analysis, pDC = plasmacytoid dendritic cell, PIK3CB = phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit b, PRR = pattern recognition receptor, qRT-PCR = quantitative RT-PCR, RGCC = regulatory of cell cycle, RPS6KA3 = ribosomal protein S6 kinase A3, RSK2 = ribosomal S6 kinase 2, S1P = sphingosine-1 phosphate, S1PR3 = sphingosine-1 phosphate receptor 3, SERPINB2 = serpin family B member 2, SGK1 = serum-and glucocorticoid-inducible kinase, slanDC = 6-sulfo LacNAc dendritic cell, SLC39A14 = solute carrier family 39 member 14, SPHK1 = sphingosine kinase 1, SPRY2 = sprouty homolog 2, TCF7L2 = transcription factor 7 like 2, TNFSF = TNF superfamily 37°C, 5% CO 2 , at a concentration of 2.5 3 10 5 /well. Stimulation was performed as described for moDCs. R848 was used at a concentration of 50 mg/ml.
RNA sequencing
After incubation, moDCs were lysed in peqGOLD TriFast (PEQLAB, Erlangen, Germany) followed by RNA extraction. RNA libraries were prepared for sequencing using standard Illumina protocols and were sequenced on a HiSeq 2000 platform (Illumina, San Diego, CA, UA). The single-read sequence reads (;7-13 million reads per sample) were mapped against the human genome (National Center for Biotechnology Information Build 37) using Tophat 2.0.6 software. The readcounts were determined using HTseq-count [29] . This tool generates a list of the total number of uniquely mapped reads per gene that is presented in the provided GTF file (Ensembl version 75) . Genes that have zero counts across all samples were removed from the dataset. Transcript abundance is expressed in FPKM (Fragments per Kilobase of exon model per Million mapped fragments) as determined by Cufflinks (v 2.1.1). Sequencing data are publicly available at the Gene Expression Omnibus series under accession number GSE101396.
Differential expression analysis
To identify statistically relevant differences in mRNA expression, the "DESeq2" (v1.4.5) package in R (v3.1) [30] was used. DESeq2 implements a negative binomial-generalized linear model to determine differentially expressed transcripts. The fitted counts were subjected to a Wald test using a BenjaminiHochberg (FDR) cutoff of 5% (P adjusted , 0.05). This method additionally yielded a log2 fold change for each comparison. Four pairwise comparisons were made: 1) unstimulated moDC vs. LPS DC, 2) unstimulated moDC vs. C5a-stimulated moDC, 3) LPS vs. LPS-stimulated moDC plus C5a, and 4) LPS DC vs. LPS DC plus C5a in the presence of the MSKII inhibitor. Counts per million (cpm) were subsequently extracted and normalized by library size. Finally, DESeq2 provides a function for plotting Euclidean distance and PCA of all samples. The PCA plot indicates the first 2 principal components as a method of visualizing the overall effect of experimental covariates and batch effects. In both LPS DCs and imDCs, Euclidean distance and PCAs showed a high degree of clustering of donors (Supplemental Fig. 1A-F) . Because of this, donor variation was taken into account during differential expression analysis.
For comparative analysis between datasets, Venny (v2.1; http://bioinfogp. cnb.csic.es/tools/venny/index.html) was used [31] .
K-means clustering, heatmap, and STRING analysis
Both the generation of the heatmaps and K-means clustering analysis was performed in GENE-E (v3.0.215; https://software.broadinstitute.org/GENE-E/ index.html). FPKM-normalized counts (obtained with Cufflinks) were used of the genes that differed significantly in expression upon C5a treatment in LPS DCs. Heatmap visualization was set to relative expression using row minimum and row maximum expression. K-means clustering of the genes into 10 clusters was performed using the 1 minus Pearson correlation and a row iteration of 2000. GENE-E uses a randomly generated seed to determine the start of centroids, which will result in a slightly different distribution of genes among clusters upon each repetitive analysis. Z-scores were calculated for each gene using the FPKMnormalized counts and the following formula: z = (x 2 m)/d, in which the total mean (m), SD between treatments (d), and mean for each treatment (x) were used. STRING analysis was performed in STRING (v10) with default settings and view-setting molecular action [32] .
qRT-PCR
DCs were lysed in peqGOLD TriFast (PEQLAB). Glycoblue (Thermo Fisher Scientific) was added as a carrier, and total RNA was extracted according to the manufacturer's instructions (PEQLAB). First-strand cDNA was reverse transcribed using random hexamers (Thermo Fisher Scientific) and SuperScript II RNase RT kit (Thermo Fisher Scientific). mRNA expression was determined on StepOnePlus using the SYBR Green PCR method (Thermo Fisher Scientific).
Primers sets were selected to span exon-intron junctions and were ordered from Eurogentec (Seraing, Belgium). Primer sequences can be found in Table 1 . mRNA expression was normalized using an internal control, 18S rRNA. Primer sequences for RGCC, FERMT2, SLC39A14, and TNFSF14 were from qPrimerDepot (https://primerdepot.nci.nih.gov/). Results were analyzed in GraphPad Prism Version 6.04 software (GraphPad Software, La Jolla, CA, USA), and 1-way ANOVA was used to determine significance. Error bars represent SEM among independent experiments.
GO term and motif enrichment analysis
GO term enrichment analysis was performed with goseq (v1.24.0; Bioconductor) (http://bioconductor.org/packages/goseq/) [33] in R v3.3.1 using Wallenius' approximation, which takes gene length into account. Significantly enriched GO terms (FDR-adjusted P ,0.05) were subsequently filtered using gogadget (v1.0) [34] so that only terms were kept with at least 15 but not more than 500 genes per term and were prepared for visualization with Enrichment Map (v2.0.1) [35] in Cytoscape v3.2.0. Because GO term-enrichment analysis of the 64 synergistically affected genes resulted in a much shorter list of enriched GO terms, filtering was adjusted so that only terms were kept with not more than 1000 genes, and no lower restriction was used. Motif enrichment was performed with Homer (v4.6) (http://homer.ucsd.edu/ homer/) [36] with default settings.
Online supplemental material
Supplemental material accommodates the validation of RNA sequencing results (Supplemental Figs. 1 and 2 ), the division of cluster 10 in clusters 10a and 10b (Supplemental Fig. 3 ), expression data of the CREB-dependent genes based on differential expression analysis (Supplemental Figs. 4 and 5) , and the legend of the STRING analysis (Supplemental Fig. 6 ). Lists of the differentially expressed genes upon C5a stimulation in imDCs and LPS DCs are also provided as online Supplemental Material (Supplemental Tables 1-4) .
RESULTS
C5a differently affects gene expression in imDCs and LPS DCs
To investigate the extent of C5aR and TLR4 crosstalk on DC differentiation, imDCs were activated with LPS and C5a or the (Fig. 1) . LPS regulated the expression of 7512 genes ( Fig. 2A) , yielding increased expression of 4076 genes and reduced expression of 3436 genes. Among the genes significantly induced by LPS were many inflammatory cytokines (Fig. 1A ), costimulatory molecules (Fig. 1B) , chemokines, and chemokine receptors (Fig. 1C ). The expression of hallmark genes involved in MHCI and MHCII antigen presentation was also induced upon LPS stimulation ( Fig. 1D and E). Overall, LPS-mediated moDC maturation was already detectable after 2 h of stimulation.
Differential expression analysis between C5a-stimulated imDCs and untreated imDCs revealed that C5a significantly regulated expression of 219 genes, yielding increased expression of 186 genes and reducing expression of 33 genes ( Fig. 2A and B and Supplemental Tables 1 and 2 ). In LPS DCs, C5a significantly affected expression of 173 genes, yielding increased expression of 136 genes and reduced expression of 37 genes ( Fig. 2A and C and Supplemental Tables 3 and 4 ). With the comparison of the genes regulated by C5a alone with the genes regulated by combined stimulation with C5a and LPS, it was striking to observe that there was only minimal overlap between the two datasets ( Fig. 2A ). Only 23% (39 genes) of the genes that were transcriptionally controlled by combined C5a and LPS signaling were also regulated by C5a alone. Twenty-seven percent (46 genes) of the genes affected by C5a in LPS DCs showed unique transcriptional regulation through C5aR and TLR4 crosstalk and was not affected in imDCs by the addition of C5a or LPS, whereas 75% of the genes (164 genes) affected by C5a in imDCs were also affected upon LPS stimulation of imDC.
Sequencing results were confirmed by qRT-PCR analysis of 6 genes (Supplemental Fig. 2A and B) . Two of these genes were induced by C5a in both imDCs and LPS DCs (RGCC, FERMT2), 2 genes were induced by C5a only in LPS DCs (SLC39A14, TNFSF14), 1 gene was decreased by C5a only in LPS DCs 
Minimal effect of C5a on hallmark genes involved in DC maturation
Among the genes significantly affected by C5a in LPS DCs, there were only 3 genes coding for inflammatory cytokines or chemokines that were induced by LPS stimulation alone (Fig. 1A and C and  Supplemental Tables 3 and 4) , namely, IL-12B, CSF1 (coding for M-CSF), and MCP3. MCP3 and CSF1 were induced further upon C5aR and TLR crosstalk (data not shown), whereas IL-12B mRNA expression was reduced by C5a in LPS DCs ( Fig. 2C and Supplemental Fig. 2) . Notably, IL-12B was the strongest downregulated gene by C5a in LPS DCs ( Fig. 2C and Supplemental Table 3 ), in line with previous findings that C5a downmodulates expression of IL-12 in LPS-stimulated DCs [13, 14] . In the absence of LPS, the only inflammatory cytokine affected by C5a was TGF-b ( Table 2 ). Both in imDCs and LPS DCs, no effect of C5a was found on any of the other inflammatory cytokines, costimulatory molecules, chemokines, chemokine receptors, or genes involved in antigen presentation that were initially induced upon LPS maturation ( Fig. 1B-E) .
Although we did not observe an effect of C5a on the expression of proinflammatory cytokines other than IL-12B and CSF1 after initiation of C5aR and TLR crosstalk, crosstalk between C5aR and TLR4 previously showed to play an important role in the regulation of cytokine production by both macrophages and DCs [6, 7, 12, 14, 18] . RNA sequencing was, however, performed already 2 h after moDC stimulation. This may be too early to detect indirect effects of C5a on proinflammatory cytokines and other processes involved in DC maturation. Still, direct effects of C5a on regulators involved in this indirect effect are expected to be differentially expressed at this time point.
GO term enrichment analysis suggests a role of C5a in immune response regulation
The extent of C5aR and TLR4 crosstalk and the effect of C5a on other transcriptional processes involved in DC maturation were investigated by subjecting the 173 differentially expressed genes by C5a in LPS DCs to GO term enrichment analysis. This analysis confirmed that C5a is involved in cell migration (Fig. 3) , which fits with C5a being a well-known chemoattractant. Furthermore, involvement of C5a in other processes previously linked to C5a in various cell types could be confirmed, such as the effect of C5a on cell adhesion [37] , angiogenesis [38] , heart development [39] , and osteoblast differentiation [40] . Most of these processes have not been linked to effects of C5a on DC biology, in general, or to specific effects on DC function by C5aR and TLR crosstalk. GO term enrichment analysis, furthermore, suggested an effect of C5aR and TLR4 crosstalk on immune response regulation and IL-1b production. Genes comprising these GO term clusters include MEFV, IL-2RA, IL-6ST, IL-1R1, IL-12B, SPHK1, and S1PR3. These GO terms, however, comprised of a mixture of induced and inhibited genes upon C5aR and TLR4 crosstalk. The effect on immune regulation and DC maturation was, therefore, further investigated.
K-means clustering analysis reveals distinct expression profiles in moDCs
To elucidate if the genes that are under control of crosstalk between C5aR and TLR4 signaling are coregulated or subjected to various modes of gene-expression regulation, the expression data of the 173 differentially expressed genes in LPS DCs were subjected to K-means clustering analysis. This yielded 10 clusters of genes that showed unique coexpression profiles in response to C5a or LPS or combinations thereof (Fig. 4A) . Individual analysis of the unsupervised clustering showed that cluster 10 comprised genes that were more expressed in imDCs compared with C5a-stimulated LPS DCs but that this cluster actually contained genes with 2 different gene-expression profiles. Cluster 10 was, therefore, further divided in 2 clusters: 10a and 10b (Supplemental Fig. 3 ).
C5aR and TLR4 signaling showed strong cooperative geneexpression induction in 6 out of 10 clusters (clusters 3-8). Strikingly, in 5 of these clusters, combined stimulation with C5a and LPS induced gene expression more than the added effects on gene expression by C5a or LPS alone (Fig. 4A, clusters 3-7) . Cooperation between C5aR and TLR4 signaling was most pronounced in clusters 3-5, comprising genes that were not or marginally induced by C5a or LPS alone, whereas the combination of C5a and LPS yielded strong up-regulation of gene expression. Cooperation between C5aR and TLR4 signaling in clusters 6 and 7 was visible, as genes were induced in a synergistic Figure 3 . C5a affects a broad range of biological processes in LPS DC. GO term enrichment analysis was performed using the 173 differential expressed genes by C5a in LPS DCs. Red nodes represent gene sets defined by a specific GO term, and node size reflects the number of genes within specific GO terms. Green lines indicate overlapping genes among the GO terms. Ellipses represent the different categories to which the GO terms were enlisted, and the names reflect the GO terms within an ellipse. manner, whereby C5a affected expression of most, but not all, of these genes more in LPS DCs than the added effect of C5a or LPS stimulation alone.
In contrast to cooperation between C5a and LPS for geneexpression induction, 2 clusters (clusters 9 and 10b) showed C5a-mediated down-regulation of gene expression, with a total of 37 genes (Fig. 4A and Supplemental Fig. 3B ). One cluster (cluster 1) contained genes induced upon C5aR and TLR crosstalk, whereas gene expression upon LPS stimulation alone seems to inhibit the expression of these genes (Fig. 4A) . The 39 genes that were significantly affected by C5a in imDCs and LPS DCs (Fig. 1C ) clustered together in cluster 2 (17 genes), cluster 8 (3 genes), and cluster 10a (11 genes; Fig. 4A ). These genes showed a comparable fold change in both imDCs and LPS DCs, making them less specific for C5aR and TLR4 crosstalk.
Synergy between LPS and C5a affects ion transport and induces a functional interconnected regulatory network
The clusters containing genes that are synergistically induced by C5aR and TLR4 crosstalk ( Fig. 4A and B, clusters 3-7) comprise 37% (64 genes) of all genes affected by C5a in LPS DCs (Fig. 5A) . Many of the synergistically affected genes encode proteins involved in anti-inflammatory processes, such as SERPINB2, which can prevent IL-1b processing [39] and is suggested to interfere with the induction of the Th1 response [42] , or ovarian tumor domain-containing protein 7B, which showed to negatively regulated NF-kB signaling, in this way reducing proinflammatory cytokine production [43] . However, genes encoding proteins involved in proinflammatory responses were also found, such as IL-6ST, which promotes TLR4-induced cytokine responses when overexpressed in mice [44] . Furthermore, the synergistically affected genes TNFSF14 and SPRY2 have been linked to both antiinflammatory, as well as proinflammatory, functions [45] [46] [47] [48] [49] . Thus, C5aR signaling can modulate DC maturation or activation; however, whether the overall effect will result in a more anti-or proinflammatory response is difficult to predict.
To determine whether the synergistically affected genes by C5a and LPS can be linked to specific biological processes, GO term enrichment analysis was performed on this set of 64 genes (Fig.  5B) . To enable identification of GO terms specifically enriched in the synergistically affected genes, the GO term enrichment analysis was compared with the GO term enrichment analysis of all differentially expressed genes by C5a in LPS DCs ( Table 2) . Enrichment for some biological processes was almost exclusively determined by synergistically regulated genes. These processes include the following: substrate transporter activity, S1P signaling, cytokine-mediated signaling, neurotransmitter secretion, and syncytium formation (Table 2) . Furthermore, synergy between C5aR and TLR4 signaling contributed to some of the biologic processes enriched in the 173 differentially expressed genes by C5a in LPS DCs, such as chemotaxis, heart development, IL-1b production, and regulation of cell death and cell migration (Figs. 3 and 5B and Table 2) .
Notably, 19% of the synergistically affected genes encode proteins involved in substrate transporter activity (Fig. 5C) . Genes in this category are mainly involved in ion transport (CNKSR3 and SLC4A7; Na Table 2 ). Ion transport is important for maintaining membrane potential integrity and regulation of intracellular pH but also plays an important role in cell signaling by regulating, for example, Ca 2+ fluxes [50] . Much remains to be elucidated about the role of ion transporters in immune regulation. Iron and zinc homeostasis has been related to immune function [51, 52] ; however, contradicting results on the effect of increased iron levels in immune cells exist [51] . Decreased intracellular zinc levels, in general, favor DC maturation, as determined by increased MHCI, MHCII, and CD86 expression and the increased ability to activate T cells [53] . The iron and zinc transporter coded by SLC39A14 had been described to be regulatory in DC function [54] . Increased expression of the iron and zinc transporter SLC39A14 by the cooperative action of C5a and LPS is, therefore, most likely to attenuate DC maturation.
Unraveling of the other enriched GO terms within the synergistically affected genes (categories: S1P signaling, cytokinemediated signaling, neurotransmitter secretion and syncytium formation) showed that these terms mostly reflect synergistic induction of a few genes that are involved in more than one of these processes ( Table 2 ). The genes comprising the cluster S1P signaling, for example, are S1PR3 and SPHK1. These genes encode proteins functionally interconnected as SPHK1 converts S1P, which is a ligand for the S1PR3.
To determine which of the genes that are cooperatively induced by C5a and LPS are functionally interconnected, STRING analysis were performed on all genes within the synergy clusters (Fig. 5D ). This showed that 14 genes were functionally interconnected. Interestingly, the central genes in this analysis were SPHK1, FOXO3, and ITGAV. Both SPHK1 and FOXO3 encode proteins that have been associated with anti-inflammatory immune responses. Expression of SPHK1 is required for down-regulation of cytokine production in mouse splenocytes and macrophages [55, 56] and has previously been linked to the inhibitory effect of C5a on cytokine production [55, 57] , whereas expression of FOXO3 has been associated with the generation of tolerogenic DCs and regulation of DC cytokine production [58] [59] [60] . The other functionally interconnected genes, including ITGAV, encode proteins mainly involved in cytoskeleton remodeling and migration. ITGAV codes for the ITGAV, which can heterodimerize with various b members of the integrin family, and these integrins are involved in cell-cell interaction and cell-matrix interaction. FHL2 has been linked to an anti-inflammatory function in DCs by attenuating S1P-mediated DC migration [61] , and RPS6KA3 encodes the MAPK-activated kinase RSK2, which regulates a multitude of cellular processes, including gene transcription [62, 63] . So, apart from affecting ion transport, synergy between C5aR and TLR4 signaling seems to induce a small regulatory network in human DCs.
C5a reduces gene expression of several proteins modulating TLR4 signaling
C5aR and TLR4 crosstalk also resulted in decreased expression of 37 genes. These genes all fall into 2 clusters: clusters 9 and 10b (Fig. 6A) and are specified and visualized by the heatmap in Fig.  6B . The largest difference between clusters 9 and 10b is the initial effect of LPS itself on the expression of these genes; whereas the genes in cluster 9 are induced by LPS and decreased upon C5aR and TLR4 crosstalk, the genes in cluster 10b are unaffected or decreased by LPS and (further) decreased upon C5aR and TLR4 crosstalk. GO term enrichment analysis on the down-regulated genes by C5a in LPS DCs revealed no enrichment for specific processes in this set of genes, partly as a result of the low number of genes that could be used for the analysis. To unravel which of these genes are functionally interconnected, STRING analysis was performed (Fig. 6C ). This revealed a functional link among 7 of the down-regulated genes. Two functionally interconnected genes are the genes IL-2RA and IL-12B, both encoding proteins related to proinflammatory DC function [64] [65] [66] . The central interconnected gene in the down-regulated network is FOXO1, which is important for DC-mediated activation of proinflammatory lymphocytes and involved in DC migration and induction of IL-12 production [67, 68] . FOXO1 is interconnected to SGK1, LHX2, and TCF7L2 and indirectly to JAG1. Interference with JAG1 signaling in macrophages attenuates LPS-induced proinflammatory cytokine production [69] . Thus, C5a and LPS crosstalk reduce expression of interconnected genes that are related to proinflammatory DC function and subsequent adaptive immune activation. Interestingly, C5aR and TLR4 crosstalk also reduced expression of SGK1, which is described to inhibit TLR activation [70] and to deactivate of FOXO1 [71, 72] . This shows that the downregulatory effects of C5aR and TLR4 crosstalk not only target a proinflammatory gene network but also regulation thereof. In line with this is the finding that among the genes that are not functionally interconnected by STRING analysis, both genes encoding proinflammatory proteins (Neu3 [73] ) and genes encoding anti-inflammatory proteins (LAIR1 [74] , SH2B3 [75] , PHACTR1 [76] , and DAPP1 [77] ) could be identified.
C5a induces the expression of anti-inflammatory GPCRs
Cluster 1 contains a set of 20 genes induced by C5a in LPS DCs (Fig. 7A and B) . Whereas GO term enrichment analysis did not point to enriched biologic processes affected by these genes (probably as a result of a low number of genes analyzed), further analysis revealed that 12 of the 20 genes in this cluster are involved in receptor signaling and signal transduction (GPCRs CYSLTR2, ADRB2, GIPR, and GPR56; cytokine receptor IL-1R1; transmembrane proteins CDCP1, LRRC8C, and TMEM51; GTPase activity-containing DNMBP and IPO5; and kinases PIK3CB and MLTK). CYSLTR2 encodes the only GPCR linked to proinflammatory immune responses [78, 79] ; the other 3 GPCRs, encoded by ADRB2, GIPR, and GPR56, have anti-inflammatory properties [80] [81] [82] [83] [84] .
The anti-inflammatory GPCR glucose-dependent insulinotropic polypeptide (encoded by GIPR) is protective against atherosclerosis [85] , cardiac hypertrophy, fibrosis [86] , and periodontitis [80] but not against insulin resistance in adipocytes [87] . Stimulation of DC with agonists of the ADRB2 reduces LPSinduced production of proinflammatory cytokines, the endocytic capacity, and cross-presentation and diminishes Th1 cell differentiation [81] [82] [83] . Additionally, ADRB2 stimulation promotes the anti-inflammatory phenotype in macrophages and DCs compared with TLR4 stimulation alone [81, 88] . Activation of both the ADRB2 and glucose-dependent insulinotropic polypeptide is, therefore, thought to be protective during acute inflammation. Interestingly, STRING analysis revealed a functional connection between ADRB2 and GIPR (Fig. 7C) , and ADRB2 and glucose-dependent insulinotropic polypeptide have been described to heterodimerize [89] . GPR56 expression has been described to have anti-inflammatory properties in reducing NK cell cytotoxicity and cytokine production in resting NK cells [84] . This suggests that induction of ADRB2, GIPR, and GPR56 expression upon C5aR and TLR4 crosstalk primes DCs for a more anti-inflammatory or protective state than LPS DCs alone.
C5aR and TLR4 crosstalk induce an overall regulatory network in DCs
To determine whether the differentially expressed genes upon C5aR and TLR4 crosstalk form functional networks, STRING analysis was performed on all 173 differentially expressed genes by C5a in LPS DCs. This yielded one large network of GO terms enriched in the synergistically affected genes are assigned to categories, as defined in Fig. 5B . n, Number of genes; FDR, FDR adjusted P value.
a Marked GO terms are only enriched in the synergistically affected genes by C5a and LPS and not in all by C5a differentially expressed genes in LPS DCs.
interconnected genes. Strikingly, the network of predominantly anti-inflammatory genes that were synergistically up-regulated by C5a and LPS (Figs. 5D and 8) and the network of genes downregulated by C5aR and TLR4 crosstalk (Figs. 6C and 8) , linked together via one central network, formed by FOXO1, FOXO3, RPS6KA3, SGK1, and PIK3CB (Fig. 8) .
The central network consists of the transcription factors of the FOX family members FOXO1 and FOXO3. These transcription factors have opposing functions in immune activation. The antiinflammatory FOXO3 [58] [59] [60] is part of the network formed by the synergistically up-regulated genes upon C5aR and TLR4 crosstalk, whereas the proinflammatory FOXO1 [67, 68, 90] belongs to the network of C5a down-regulated genes in LPS DCs. Thus, C5aR and TLR4 crosstalk shifts the balance between FOXO1 and FOXO3 expression toward anti-inflammatory DC function.
Both FOXO proteins in the central network are linked to the signaling molecules SGK1, RSK2 (product of RPS6KA3), and PI3Kb (product of PIK3CB) that are part of integrated signaling cascades. The C5aR and TLR4 crosstalk-induced MAPK kinase RSK2 and PI3KCB have been associated with the regulation of multiple transcription pathways [62, 91] . PI3Kb is an important regulator of FOXO activity in general and inhibits both FOXO1 and FOXO3 [91] . Interestingly, PI3K mediates effects via AKT (or protein kinase B) or SGK, and both PI3K and SGK1 have also been described to inactivate FOXO1 [71, 72, 91] . Of note, FOXO1 is also interconnected to the synergistic network via FHL2, which also inhibits transcriptional activity of FOXO1 [92, 93] (Fig. 8) . Therefore, FHL2 may be part of the central network or stabilize the outcome of this network. Together, these data show that crosstalk between C5aR and TLR4 signaling targets a central network involved in regulation of pro-and anti-inflammatory FOXO transcription factors in favor of a net anti-inflammatory outcome.
To verify the possible existence of this regulatory network in slanDC, FOXO1 expression, upon C5aR and TLR crosstalk, was Figure 6 . C5a reduced the expression of 37 genes in LPS DCs. (A) K-means clustering analysis and (B) heatmap visualization of the clusters 9 and 10b. Z-score represents the number of SD away from the mean that a specific condition is, in which the mean was calculated for each individual gene. Blue indicates relative row minimum and red relative row maximum. (C) STRING analysis (legend is depicted in Supplemental Fig. 6 ) of the genes down-regulated by C5a in LPS DCs. determined in ex vivo-isolated slanDC. C5a reduced FOXO1 mRNA expression, not only in LPS-stimulated slanDC (Supplemental Fig. 2D ) but also in R848-stimulated slanDC (TLR7/8 ligand; Supplemental Fig. 2E ). This suggests that the central regulatory network induced upon C5aR and TLR4 crosstalk in moDCs ( Fig. 8 and Supplemental Fig. 2C ) may also be of potential importance in slanDC and upon exposure to TLR triggers other than LPS.
The effect of C5a on LPS DC is mainly CREB1 independent
Recently, we elucidated that the inhibitory effect of C5a on TLR4-induced proinflammatory cytokine production in DCs [14] is, in part but not completely, caused by crosstalk between C5aR signaling and TLR-induced ERK/p38/CREB1 signaling [17] . To determine to which extent the effect of C5a on LPS DC is mediated by CREB1 signaling, RNA sequencing analysis was also performed on DC stimulated with LPS or LPS and C5a in the presence of an MSK inhibitor, preventing CREB1 phosphorylation by MSK after activation of the latter via ERK or p38 (Supplemental Fig. 1E and F and Fig. 9A ).
Comparative analysis showed that 41 of the genes differentially expressed by C5a in LPS DCs were CREB1 dependent, as they were not affected by C5a in the presence of the MSK inhibitor (Fig. 9B) . CREB1 signaling was little involved in the expression of the genes synergistically induced by C5a and LPS (Fig. 9C) . In contrast, CREB inhibition did affect a larger number of genes of the induced genes upon C5aR and TLR4 crosstalk from cluster 1 and the clusters down-regulated by C5a in LPS DCs (Fig. 9C) .
Further analyses of the genes that were no longer affected by C5a in the presence of the MSK inhibitor revealed that CREB1 inhibition attenuated effects of C5a on gene expression to levels below the threshold of significance. Trends and direction of C5a-mediated changes in gene expression, however, remained ( Fig.  9D and Supplemental Figs. 4 and 5 ). This suggests that the expression of most of these genes is less CREB1 dependent than suggested by initial analyses. These data show that involvement of CREB1 signaling in regulation of C5a on gene expression of LPS DCs is limited to specific clusters of genes that are, however, not fully dependent on CREB1 signaling.
Motif enrichment analysis points to a predominant role for cooperative bZIP and IRF4 signaling in C5aR and TLR crosstalk
To delineate which other transcription factors than CREB1 may be involved in C5aR and TLR crosstalk, motif enrichment analysis for specific transcription factor binding sites was performed. The 173 genes differentially expressed by C5a in LPS DCs were analyzed with specific emphasis on the 64 synergistically affected genes.
In line with the results above, no enrichment for the CREB1 motif was found in both analyses. Motif enrichment analysis of the 173 genes differentially expressed by C5a in LPS DCs showed enrichment for some other members of the ATF/CREB family of transcription factors, namely ATF3 and BATF, and enrichment for the motifs of AP-1 and IRF4 ( Table 3) . The transcription factors ATF3, BATF, and AP-1 all belong to the bZIP superclass of transcription factors, whereas IRF4 belongs to the helix-turnhelix superclass of transcription factors. Surprisingly, motif enrichment analysis of the synergistically affected genes revealed enrichment for only 1 transcription factor, namely IRF4 ( Table 4) . This indicates that IRF4 is especially important for the synergistic effect upon C5aR and TLR4 crosstalk.
To determine whether motif enrichment for these transcription factors was unique for C5aR and TLR4 crosstalk, we additionally analyzed the 219 differentially expressed genes in imDCs. Most noteworthy, no enrichment for the IRF4 motif was found in C5a-stimulated imDCs ( Table 5 ), suggesting that IRF4 is only activated upon C5aR and TLR4 crosstalk. The other enriched motifs upon C5a stimulation of imDCs are very similar or identical to the enriched motifs found within the C5a differentially expressed genes in LPS DCs (Table 3) . Although not all synergistically affected genes comprise a binding site for IRF4, these findings point to a predominant role for cooperative Supplemental Fig. 6 ) of the genes within cluster 1. signaling via bZIP transcription factors and IRF4 in C5aR and TLR4 crosstalk.
DISCUSSION
Upon pathogen invasion in tissues, APCs are activated by PAMPs to initiate adaptive immune responses, while simultaneously, complement activation occurs to combat the pathogen. Crosstalk between PAMPs and the complement effector peptide C5a is known to regulate DC activation and differentiation by affecting the production of several inflammatory cytokines, as well as subsequent T cell immunity [6-14, 18, 19, 94] , but the extent of C5aR and TLR crosstalk on regulation of the full DC transcriptome remained to be elucidated. In the present study, RNA sequencing analyses revealed that although the effect of C5a on hallmark genes induced on LPS maturation is limited to IL-12B, MCP3, and CSF1, crosstalk between C5aR and TLR4 signaling did affect the expression of many genes involved in DC activation and maturation at multiple regulatory levels, 2 h after stimulation. The combined action of C5a and LPS regulates expression of multiple gene sets that are linked to various DC effector functions and modulates expression of a broadly acting transcriptional network.
Analysis of the functional connections among the differently expressed genes by C5a in LPS DCs uncovered a network of Figure 8 . STRING analysis of the differentially expressed genes by C5a in LPS DCs revealed an overall regulatory network in human DCs. STRING analysis (legend is depicted in Supplemental Fig. 6 ) was performed using the 173 differentially expressed genes in LPS DCs. Indicated are the interconnected genes within the synergistically affected genes (red), the down-regulated genes (blue), and the genes induced by C5a (yellow) upon C5aR and TLR crosstalk.
synergistically induced genes with overall anti-inflammatory properties and down-regulated expression of a few specific clusters of genes, including a functionally interconnected proinflammatory network and regulators thereof. Finally, 1 cluster of genes was revealed in which genes encoding antiinflammatory GPCRs were induced upon C5aR and TLR4 signaling. Overall, assessment of the functional networks identified a central network of genes regulated by C5a and LPS, which was formed by the FOXO transcription factors FOXO1 and FOXO3 and the signaling molecules SGK1, RSK2, and PI3Kb. This central network was further interconnected with enhanced anti-inflammatory branching networks (including the genes SPHK1, FHL2, ADRB2, GIPR) and suppressed proinflammatory branching networks (including the genes IL-12B, IL-2RA, JAG1). Key in this central regulatory network targeted by C5aR and TLR4 signaling is downmodulation of the proinflammatory FOXO1 and induction of the anti-inflammatory FOXO3 transcription factors. Expression of these transcription factors is linked to C5a and LPS-mediated modulation of interactive signaling pathways involving SGK1, PI3Kb, and RSK2. It remains to be elucidated, however, if this network is the minimal network controlling C5aR and TLR4 crosstalk.
The identification of FOXO1 and FOXO3 transcription factors as central players in C5aR and TLR4 crosstalk is novel. FOXO3 induction in human DCs previously has been associated with reduced T cell immune responses by inhibiting proinflammatory cytokine production by DCs [95] , and FOXO1 deletion in mice hampered DC-mediated activation of T cells [68] . We recently % Motif, % of Target sequences with motif; % of All, % of background sequences with this specific motif; GMB, glomerular basement membrane; ChIP, chromatin immunoprecipitation. demonstrated that C5aR and TLR4 crosstalk in human DCs inhibits the production of TLR4-induced proinflammatory cytokines upon C5a stimulation [14] and reduced the production of IFN-g by both CD4
+ and CD8 + T cells [17] . Together, these data suggest that the inhibitory effect of C5a on TLR4-induced proinflammatory cytokine production and subsequent adaptive immune responses might be mediated via the induction of FOXO3 and inhibition of FOXO1.
As our results were obtained using moDCs, the induction of the regulatory network in other DC subsets still needs investigation. C5aR is almost exclusively expressed on slanDCs and not so much on CD1c + DCs, CD141 + DCs, or pDCs [14] [15] [16] . Effects of C5a on TLR-stimulated DCs, therefore, are expected mainly to be important in slanDCs and moDCs and not in other DC subsets. We recently demonstrated similar effects of C5a on the inhibition of TLR-induced proinflammatory cytokines in slanDCs compared with moDCs [17] , and preliminary data (Supplemental Fig. 2D and E) indicate that FOXO1 expression is also inhibited upon C5aR and TLR crosstalk in slanDCs. The existence of overlap between signal transduction pathways induced upon C5aR and TLR crosstalk between these 2 DC subsets is, therefore, not unlikely. SlanDCs are suggested to play a prominent role in several autoimmune diseases [16, [25] [26] [27] [28] . Some of these autoimmune diseases are associated with extensive complement activation [23, 24] and the presence of damageassociated molecular patterns (TLR ligands). Overall, this emphasizes the potential existence of C5aR and TLR crosstalk in slanDCs and the need to elucidate the possible existence of regulatory networks in this DC subset.
Assessment of potential transcription factor involvement in the regulation of the transcriptome revealed a prominent role of bZIP transcription factors (ATF3, BATF, and AP-1) and pointed toward enrichment for IRF4 specifically in the synergistically affected genes upon C5aR and TLR4. Both IRF4 and ATF3 have been linked to dampening of TLR4-induced inflammatory immune responses [96, 97] , either directly or through induction of negative-feedback loops [98] [99] [100] . So, the anti-inflammatory properties of the enriched transcription factors are in line with the observed overall anti-inflammatory networks induced by C5aR and TLR4 crosstalk. bZIP transcription factors typically become activated upon cooperation among multiple pathways and need to homo-or heterodimerize on the DNA before transcriptional initiation [101] . Assembly of bZIP transcription factors with IRF4 at regulatory DNA elements can result in cooperative gene activation [102, 103] . Individual signal transduction pathways itself may be insufficient to induce transcription, whereas cooperative signaling can result in proper transcriptional activity [104] . This may explain why 77% (134 genes) of the genes differentially expressed upon C5aR and TLR4 crosstalk are not affected in C5a-stimulated imDCs. Only 23% of the genes regulated by C5a in LPS DCs overlapped with the gene regulation by C5a in imDCs.
In line with this, C5a differently affects cytokine production in human DCs depending on the presence or absence of a pathogen (TLR stimulus) [14, 18] . This shows that modulation of DC activation by C5a depends on the presence of a pathogen. It highlights the potential differences in DC-modulating capacity of C5a in infections (containing PAMPs) and acute or chronic sterile inflammation (representing absence of a TLR stimulus in the form of PAMPs). The effect of C5a during sterile inflammation needs further investigation and is, at the moment, our main focus of research. Further research is also needed to assess effects of other PAMPs or complement evasion strategies by pathogens [83] on DC modulation through the combined actions of PRRs and complement activation. C5a can also inhibit TLR7/8 and TLR2-induced proinflammatory cytokine production, as well as Salmonella typhimurium-induced cytokine production [14, 21] , but the effect of C5a on other PRRs has not been investigated. Evaluation of the genes contained in the central cluster of the functional network regulated by the combined action of C5aR and TLR triggering, as shown for our preliminary data on FOXO1 inhibition in slanDCs, may form a good starting point to streamline research on these topics.
It should be noted that outside of the identified functional gene networks, C5aR and TLR4 crosstalk affected expression of both genes with potential anti-inflammatory and proinflammatory functions. This indicates that C5aR and TLR4 crosstalk may yield specific proinflammatory DC functions in an overall antiinflammatory immune response. In this respect, combined C5aR and TLR4 signaling may be considered to skew preferentially toward immune regulation without inducing absolute immune suppression.
To minimize the interference of induced negative-and positive-feedback loops, we analyzed C5aR and TLR4 crosstalk as early as 2 h after initial stimulation. The investigation of the extent of C5aR and TLR4 crosstalk at early time points can, however, also have some disadvantages. Induced feedback mechanisms are extremely important to regulate immune responses. We cannot exclude that we miss some important transcriptional changes induced upon C5aR and TLR4 crosstalk and feedback mechanisms. This may also explain why previously observed effects of C5a on inflammatory cytokines other than IL-12B and CSF1 were not observed in the present study [6, 7, 14] .
In summary, the present study demonstrates that C5aR and TLR4 crosstalk regulates DC function at multiple subcellular levels. Although this crosstalk can induce expression of both pro-and antiinflammatory genes, the overall gene networks that are regulated by C5aR and TLR4 signaling are interconnected and characterized by a central network of genes encoding the transcription factors FOXO1 and FOXO3 and signaling molecules and modulators of DC effector function. The overall outcome of the C5a and LPSregulated networks is anti-inflammatory, in line with previous findings on modulation of DC function by C5a and LPS by us [14] and others [6] [7] [8] [9] 19] . Future work may uncover if the currently presented central network contains the minimal set of genes that confer C5a and LPS crosstalk or if some genes in this network show a higher regulatory hierarchy than others. 
